Biphenyl metabolism in Aspergillus toxicarius occurs by successive hydroxylations in the 4-and 4'-positions, followed by conjugation with sulfate to produce 4-hydroxybiphenyl-O-sulfonic acid and 4,4'-dihydroxybiphenyl-O-sulfonic acid.
Biphenyl metabolism in Aspergillus toxicarius occurs by successive hydroxylations in the 4-and 4'-positions, followed by conjugation with sulfate to produce 4-hydroxybiphenyl-O-sulfonic acid and 4,4'-dihydroxybiphenyl-O-sulfonic acid.
The hydroxylation reactions normally occur only after a prolonged lag period after which the appearance of the monohydroeylated compound precedes the dihydroxylated compound. The accumulation of the monohydroxy compound is transient; therefore, it is an intermediate in the hydroxylating pathway. The onset of hydroxylating activity can be greatly accelerated when the culture is primed with the intermediate or product of the reaction (4-hydroxybiphenyl or 4,4'-dihydroxybiphenyl) at the time of biphenyl addition; a concentration of 0.05 mg 4,4'-dihydroxybiphenyl per ml produces optimal induction. Water-soluble conjugates of 4-hydroxybiphenyl and 4,4'-dihydroxybiphenyl were found in cultures of A. toxicarius grown in the presence of biphenyl plus inducer. The conjugate was shown to be the sulfate ester; no glucuronide or other conjugate species was found in any phase of the transformation. As with hydroxylating activity, the sulfotransferase activity appeared to be induced by the products of biphenyl metabolism.
The selective hydroxylation of aromatic hydrocarbons by fungi has become a topic of widespread interest for a variety of reasons: (i) fungal hydroxylation has been proposed as a model for studies on drug metabolism since the hydroxlation of aromatic compounds, such as biphenyl, appears to be similar in fungi and mammals (12) ; (ii) the fungal system has been used in detecting the metabolic activation of potentially carcinogenic compounds (7) ; and (iii) fungal hydroxylation of biphenyl has important commercial applications. Biphenyl has been used as a fungistat in the citrus fruit industry (6), and there have been reports on the microbial production of 4,4'-dihydroxybiphenyl for use as a monomer in engineering plastics (9; R. D. Schwartz, U.S. patent 4153509, May 1979).
Fungal metabolism of biphenyl occurs by a single hydroxylation in the 2-, 3-, or 4-position, followed by additional hydroxylations producing dihydroxylated and trihydroxylated derivatives (3, (9) (10) (11) . The hydroxylations are thought to be catalyzed by a cytochrome P-450 monooxygenase system (4) . In some cases (2) , these compounds are converted to water-soluble glucuronide and sulfate esters. In contrast with bacteria (5), fungi are unable to assimilate the hydroxylated products of biphenyl into primary metabolic pathways; rather, the successive hydroxylation reactions (10) and the conjugation of the hydroxylated product (2) resemble the detoxication mechanisms that have been well documented in mammalian tissues (13) .
In this paper, we describe the metabolism of biphenyl in cultures of Aspergillus toxicarius. In particular, we report that the onset of hydroxylating activity can be greatly accelerated when the culture is primed with a small amount of the product of the reaction (4,4'-dihydroxybiphenyl or 4-hydroxybiphenyl) at the time of biphenyl addition. We also found the formation of watersoluble conjugates of 4-hydroxybiphenyl and 4,4'-dihydroxybiphenyl in cultures ofA. toxicarius grown in the presence of biphenyl plus inducer. The conjugate was found to be the sulfate ester; no glucuronide or other conjugate was found in any phase of the transformation. Cultures used for biotransformation studies were grown for 72 h as described above, and an inoculum (equivalent to a packed ceft volume of 0.8 ml) was added to each of six identically prepared 125-ml flasks, each representing a single datum point on the progress curve. Each flask contained 25 ml of cornstarchminimal medium of the following composition in grams per liter: corn starch, 20; NH4NO3, 3; K2HPO4, 1; MgSO4-7H2O, 0.5; NaCl, 0.5; and FeSO4 -7H20, 0.5. When appropriate, biphenyl was added as a solution in dimethylformamide to a final concentration of 0.5 mg/ml.
MATERLALS AND METHODS
Cell growth was assayed routinely by monitoring packed cell volumes. Determinations of biomass were made by monitoring the dry weight of triplicate 10-ml samples.
Sample preparation and product analysis. At specified times, cultures were harvested and mycelia were removed by filtration through a 934-AH glass microfiber filter (Whatman, Inc., Clifton, N.J.). One milliliter of the aqueous filtrate was retained for product analysis. The filtered mycelia were washed with three 24-ml portions of methanol to extract the unreacted biphenyl and water-insoluble hydroxylation products. The aqueous and methanol filtrates were analyzed in a Waters high-pressure liquid chromatograph (Waters Associates, Inc., Milford, Mass.). Separations were achieved using a C8 reverse-phase column with a concave gradient of 0 to 80% acetonitrile in methanolwater (90%o:10%) over 10 min. The flow rate was 3 ml/ min. Compounds eluting from the column were detected by their absorbance at 254 nm.
Paired-ion chromatography was performed on aqueous samples suspected of containing water-soluble conjugates. Separations were achieved on a C8 reverse-phase column with a concave gradient of 5 to 80%o acetonitrile-methanol (759%:25%) in water-methanol (90%:10%o) over 10 min. One vial of PIC A reagent (Waters) was dissolved in each of the two solutions which were vacuum filtered through a 0.2-,Lm filter before use. The flow rate was 2.5 ml/min.
Preparative-scale experiments were conducted to obtain purified material for product analysis. Cultures of A. toxicarius (25 ml) were grown for 72 h as described above and transferred to a 2-liter vessel containing 600 ml of cornstarch-minimal medium. After 24 h of growth, biphenyl was added (to a final concentration of 0.5 mg/ml), and the culture was incubated for an additional 96 h. The mycelia were removed by filtration and extracted with three 500-ml portions of methanol. The methanol fraction was flash evaporated, and the residue was washed with 0.2 M glycine buffer (pH 12) before being dissolved in a minimal volume of methanol. A The 25-ml cultures were incubated for various lengths of time and analyzed as described above; we found that three 25-ml methanol washings were sufficient to recover 94% of the added radioactivity Experiments to determine the identity of the conjugating moiety were performed by treating the aqueous portion of each 25-ml culture with ,B-glucuronidase (Sigma) and aryl sulfatase (Sigma), which selectively tion of 20 mM) to inhibit the P-glucuronidase activity (13) , and the sulfatase activity in P-glucuronidase was inhibited by adding 0.1 M phosphate to the assay medium (8) . (P-Glucuronidase activity, as measured by the hydrolysis of phenolphthalein glucuronide, was not affected by the presence of sulfate.) The levels of the inhibitor were chosen so that the amount of contaminating activity was at least 50-fold lower than the amount of the desired activity. The total amount of enzyme was adjusted so that the aryl sulfatase and Pglucuronidase activities, using phenolphthalein glucuronide and p-nitrocatechol sulfate as substrates, were roughly comparable.
Aryl sulfatase was assayed by adding 0.8 ml of culture medium to 1.0 ml of acetate buffer (0.2 M; pH 5) containing 40 mM D-saccharic acid. The reaction was initiated by the addition of 0.2 ml of enzyme solution (800 U/ml). After incubation at 37°C for 2, 6, 24, and 66 h, the samples were filtered and analyzed by HPLC. The P-glucuronidase assay mix contained 1.0 ml of acetate buffer (0.1 M; pH 5) with 0.1 M P04 , 0.8 ml of sample, and 0.2 ml of enzyme solution (10,000 U/ml). The samples were incubated at 37°C for the times indicated, filtered, and analyzed by HPLC. In all cases, a sample containing model substrate (phenolphthalein glucuronide for P-glucuronidase activity and p-nitrocatechol for aryl sulfatase activity) was included as a control to check the efficiency of the reaction and confirm the absence of cross-contaminating activity.
Carbohydrate analysis. Carbohydrates were analyzed by treating 1 ml of the aqueous filtrate with 100 ml of sodium citrate buffer-(0.6 M; pH 4.5) and 2.4 mg of amyloglucosidase from Rhizopus mold (Sigma), followed by incubation at 60°C for 1 h. Samples were passed through a 0.45-,um filter (Acrodisc, Gelman Products, Inc., Ann Arbor, Mich.) and analyzed by HPLC, using a carbohydrate column (Waters) with a mobile-phase composition of 85% acetonitrile in water. The flow was programmed according to the following conditions: 1.8 to 3.6 ml/min over 5 min, using a concave gradient. Glucose was detected with a refractive index detector.
RESULTS
Time course of biphenyl hydroxylation by A. toxicarius. A typical HPLC elution profile of a combined water and methanol extract of A. toxicarius, after 96 h of incubation with 0.5 mg of biphenyl per ml, shows peaks corresponding to unreacted biphenyl and two metabolic products (4-hydroxybiphenyl and 4,4'-dihydroxybiphenyl). The three compounds were identified by coelution by HPLC and gas chromatography with authentic standards and by melting point, infrared, and mass spectroscopic analyses of purified material.
The time course for the production of 4-hydroxybiphenyl and 4,4'-dihydroxybiphenyl is shown in Fig. 1 . The hydroxylation of biphenyl by A. toxicarius occured only after a considerable lag period (24 to 48 h) during which only 4,4'-dihydroxybiphenyl slowly accumulated (Fig. la) . Biphenyl itself was somewhat volatile, and most of the decline in the first 72 h was due to evaporation from the culture flask (dashed line in Fig. la) . As expected in a sequential reaction, the intermediate, 4-hydroxybiphenyl, showed a transient appearance that attained a maximum concentration by 72 h. Since biphenyl is a fungistat (9), little or no accumulation of cell mass occurred during the course of the hydroxylation reaction (Fig. lb) . This lack of growth was also reflected in the lower rate of carbohydrate uptake after biphenyl addition.
The slow accumulation of 4,4'-dihydroxybiphenyl, followed by the relatively rapid increase in the rate of production beginning at 72 h, is a consistent and reproducible feature of this transformation in A. toxicarius. This lag may be related to the induction of cytochrome P-450; biphenyl is insoluble in water and may be a poor inducer of the hydroxylating enzyme. However, neither phenobarbital nor 3-methylcholanthrene (classic inducers of P-450 in mammalian systems) accelerated the onset of hydroxylating activity in A. toxicarius (data not shown). The sigmoidal time course of 4,4'-dihydroxybiphenyl production, normalized to biomass content (i.e., VOL. 156, 1983 on October 28, 2017 by guest http://jb.asm.org/ Downloaded from milligram of product formed per minute * milligram [dry weight]), seemed to imply that the product of the reaction can serve as an effective inducer of the enzyme. We therefore added 0.25 mg of 4,4'-dihydroxybiphenyl per ml to the culture medium at the time of biphenyl addition. This resulted in a significant increase in 4,4'-dihydroxybiphenyl production and biphenyl consumption (Fig. 2) . Biomass content and carbohydrate consumption (Fig. 2b) remained relatively unchanged from the content and consumption shown in Fig. 1 toxicarius at the time of biphenyl addition, and the time course of the reaction was monitored. The data, which show only the 4,4'-dihydroxybiphenyl produced from the metabolism of biphenyl, indicate that concentrations as low as 0.025 mg of product per ml accelerate the onset of hydroxylation but that concentrations of 0.05 mg/ml were necessary to produce a maximally observed induction of hydroxylating activity. Amounts greater than 0.05 mg/ml had no additional effect; this may be due to the limited solubility of 4,4'-dihydroxybiphenyl in water (0.048 mg/ml). A decline in 4,4'-dihydroxybiphenyl concentration after 48 h was found to occur in all induced cultures (Fig. 2) . Amounts of up to 0.25 mg of added 4,4'-dihydroxybiphenyl per ml were not toxic to the organism, as indicated by dry weight accumulation (data not shown) and by the effect on biphenyl metabolism ( Table 1) .
The ability of the intermediate, 4-hydroxybiphenyl, to induce hydroxylating activity was investigated in the same manner: concentrations from 0.005 to 0.040 mg/ml were added to growing cultures at the time of biphenyl addition, and the time course of the reaction was monitored. The data (not shown) indicate that 4-hydroxybiphenyl is a weaker inducer of hydroxylation than is 4,4'-dihydroxybiphenyl. Concentrations of greater than or equal to 0.04 mg of 4-hydroxybiphenyl per ml were found to be toxic to the organism since biomass accumulation and biphenyl metabolism ceased. However, the sample containing 0.02 mg of 4-hydroxybiphenyl per ml showed acceleration in the onset of hydroxylation, especially at the 48-and 72-h points.
Detection of water-soluble metabolites of biphenyl. Although cultures of A. toxicarius usually produced high yields of 4,4'-dihydroxybiphenyl from biphenyl, the decline in product concentration after prolonged incubation ( Fig. 2 (2) recently reported the formation of sulfate and glucuronide conjugates of 4,4'-dihydroxybiphenyl in Cunninghamella elegans and suggested therefore that the metabolism of biphenyl in fungi may be similar to that found in mammalian systems. Since Aspergillus sp. cannot use biphenyl as a carbon source, we considered that the production of sulfate and glucuronide conjugates of 4,4'-dihydroxybiphenyl could be a possible cause of the apparent decline in product concentration over time. Figures 3c and d show the elution profile of the same sample after treatment with 3-glucuronidase (this commercial preparation contains significant aryl sulfatase activity). The increase in UV absorbance area and radioactivity under the 4,4'-dihydroxybiphenyl peak corresponds with the loss in UV absorbance and radioactivity under the 1.04-min peak, indicating that compound I is a conjugate of 4,4'-dihydroxybiphenyl and a water-soluble molecule. The 2.37-min peak also disappeared; this and other experimental data obtained at different points in the biotransformation (not shown) indicate that compound II corresponds to a water-soluble conjugate containing 4-hydroxybiphenyl. Finally, the decrease in UV absorbance area and radioactivity under the 2.83-min peak (compound III) correlates with the increase in area and radioactivity under the 9.62-min peak (compound V). The identity of this metabolite is not known with certainty (it coelutes with 2,2'-dihydroxybiphenyl); it corresponds to less than 5% of the total products of biphenyl metabolism.
With the exception of compound IV, which may be a further-hydroxylated derivative, we found no metabolites of [14C]-biphenyl under the culture conditions described above, either in the aqueous or methanol-extracted samples. The data of Fig. 3 indicate that 69% of the metabolic products of biphenyl were in the conjugated form after 96 h of incubation with A. toxicarius. pounds I and II was complicated by two experimental difficulties. First, since reverse-phase chromatography has low resolving power with polar molecules, compounds I and II may not be homogeneous. Second, the commercial preparation of ,-glucuronidase contains significant aryl sulfatase activity, and the preparation of aryl sulfatase contains P-glucuronidase activity.
To determine unambiguously the identity of the conjugates, two different approaches were taken. In the first, a culture of A. toxicarius was incubated with unlabeled biphenyl (0.5 mg/ml), unlabeled 4,4'-dihydroxybiphenyl (0.05 mg/ml), and Na235SO4 for 96 h, and a sample of the aqueous medium was analyzed by HPLC and liquid scintillation counting. The presence of radioactivity in compounds I and II indicates the incorporation of 35S in both conjugates ( Fig. 4a and b). (The free Na235So4 was not retained on the reverse-phase column, rather it eluted in the void volume [fractions 1 through 3].) After treatment with 3-glucuronidase, which contains aryl sulfatase activity, both peaks disappeared, and the 35S-containing radiolabel was totally lost (Fig. 4c and d) . Compound I was recovered by collection of the HPLC effluent, concentrated by rotary evaporation, and subjected to further analysis by paired-ion chromatography. Only one peak was found, with a retention time identical to that of synthetically produced biphenol-O-sulfonic acid (data not shown).
In the second approach, deconjugation experiments were performed with commercially available aryl sulfatase and ,-glucuronidase. Cultures of A. toxicarius were incubated for 96 h with 0.5 mg of [14C]-biphenyl per ml and 0.05 mg of 4,4'-dihydroxybiphenyl (as inducer) per ml, and portions of the aqueous medium were treated with high concentrations of aryl sulfatase and ,B-glucuronidase. (D-Saccharic acid was incorporated into the aryl sulfatase to inhibit the Pglucuronidase activity, and phosphate was added to the ,-glucuronidase to inhibit the aryl sulfatase activity. Aryl sulfatase induced a complete loss in UV absorbance and radioactivity in compound I ( Table 2 ). The small effect with Pglucuronidase was probably due to some uninhibited aryl sulfatase in the high concentration of ,-glucuronidase.
Further proof that compound I is the sulfate conjugate was obtained through the following reasoning. If compound I were entirely the sulfate ester of 4,4-dihydroxybiphenyl, the decline in 35S content after treatment with aryl sulfatase would parallel the absorbance area lost under the appropriate UV peak of the HPLC trace, and ,3-glucuronidase would have no effect. If, however, compound I were a mixture of sulfate and glucuronic acid (or other esters, such as cysteine or glutathione), aryl sulfatase would completely eliminate the radioactivity and the fraction of the UV peak composed of sulfate ester, whereas 1-glucuronidase would not change the 35S content of the peak but would only affect the fraction of the UV peak consisting of glucuronic acid.
A culture of A. toxicarius was incubated with unlabeled biphenyl (0.50 mg/ml), unlabeled 4,4'-dihydroxybiphenyl (0.05 mg/ml), and Na235SO4 Under the culture conditions described, biphenyl was metabolized by A. toxicarius by hydroxylation in the 4-and 4'-positions, followed by conjugation to the 0-sulfonic acid. No glucuronide or other conjugate species was found in any phase of the transformation. The onset of hydroxylating activity in A. toxicarius was greatly accelerated when the culture was primed with a low concentration of product (4,4'-dihydroxybiphenyl or 4-hydroxybiphenyl). Time course studies indicated that the sulfonating enzyme is also induced by the metabolic products of biphenyl metabolism.
To our knowledge, this is the first reported example of the induction of a fungal hydroxylation by the product of the reaction. In those fungal species able to grown on substituted aromatic compounds, the carbon source rather than the metabolic intermediates is inevitably found to induce the enzymes of catabolism. For example, in Aspergillus niger, 4-hydroxybentzoate induces its hydroxylase, whereas protocatechuate, the product of hydroxylation, does not (1). The crucial difference is that the fungal hydroxylation of biphenyl represents a detoxication pathway rather than a catabolic pathway. Thus, the induction reported in this paper may not be an exception to the general rule. It would be of value to determine whether this form of induction occurs in the metabolism of other unsubstituted aromatic compounds, such as naphthalene, and whether it occurs in other fungal species that are known to possess similar detoxication routes.
It is reasonable to assume that induction of the hydroxylating enzyme is the reason for the accelerated onset of hydroxylation when the culture is primed with 4-hydroxybiphenyl or 4,4'-dihydroxybiphenyl. Unfortunately, we were not able to investigate the mechanism of induction of the hydroxylating enzyme since we could not detect biphenyl hydroxylation in a cell-free system. There is good evidence that the hydroxylation of aromatic hydrocarbons in Cunninghamella bainieri is carried out by a cytochrome P-450-based enzyme system (4); yet inhibitors of P-450 were ineffective in a related organism, C. elegans, and it was not possible to demonstrate cell-free activity in either Cunninghamella echinulata (11) or C. elegans (3). A. toxicarius resembles C. elegans for the following reasons. (i) Inducers, such as phenobarbital and 3-methylcholanthrene, did not accelerate the onset of hydroxylation or provide a higher rate of biphenyl metabolism. (ii) Cell-free microsomal suspensions of induced and noninduced cultures failed to hydroxylate biphenyl when incubated with [14C]-diphenyl and a NADH-or NADPHgenerating system. This was true regardless of the method of disruption (glass bead, sonication), presence of stabilizing agents (glycerol, EDTA, dithiothreitol), or fraction used (10,000 x g supernatant, 144,000 x g supernatant, or 144,000 x g pellet). The CO-reduced difference spectrum of the microsomal fraction of the induced culture showed a peak at 420 nm and only a small shoulder at 450 nm. Since the noninduced culture had a flat spectrum in this region, we infer that the absence of cell-free activity may be due to a degraded enzyme system. Hence, the failure to observe cell-free hydroxylation may be due to labile P450 that irreversibly degrades to P-420 under cell breakage.
The production of conjugated metabolites by A. toxicarius, as well as by C. elegans (2) , indicates that these reactions may be widespread in fungi. A. toxicarius, however, differs from C. elegans in that only the sulfate ester, rather than the 1:1 sulfate-glucuronide acid mixture, is produced. It remains to be seen whether the differences in the conjugate pattern of the two organisms represent a species-specific characteristic or whether growth conditions can modulate the sulfate-glucuronide acid ratio.
